Word counts text body (max 5000): 4682 2 VOICE IN SCHIZOPHRENIA: REVIEW AND META-ANALYSIS Abstract Voice atypicalities have been a characteristic feature of schizophrenia (SCZ) since its first definitions. They are often associated with core negative symptoms such as flat affect and alogia, and with the social impairments seen in the disorder. This suggests that voice atypicalities may represent a marker of clinical features and social functioning in SCZ. We systematically reviewed and meta-analyzed the evidence for distinctive acoustic patterns in SCZ, as well as their relation to clinical features. We identified 46 articles, including 55 studies with a total of 1254 patients with SCZ and 699 healthy controls. Summary effect size (Hedges'g) estimates were calculated using multilevel Bayesian modeling. We identified weak atypicalities in pitch variability (g = -0.55) related to flat affect, and stronger atypicalities in proportion of spoken time, speech rate, and pauses (g's between -0.75 and -1.89) related to alogia and flat affect. However, the effects were modest compared to perceptual and clinical judgments, and characterized by large heterogeneity between studies.
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Introduction
Individuals with schizophrenia (SCZ) display atypical voice patterns, qualitatively described in terms of poverty of speech, increased pauses, distinctive tone and intensity of voice [1] [2] [3] [4] [5] [6] [7] .
Voice atypicalities have been reported since the first definitions of the disorder 8, 9 , are used in the clinical assessment process, and assume an even stronger relevance in the light of growing findings associating voice patterns to cognitive function, emotional states, and social engagement [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Voice atypicalities may thus constitute a window into the underlying clinical and cognitive features of the disorder. Indeed, they have been associated with core negative symptoms of SCZ such as blunted affect (e.g. diminished emotional expression, lack of vocal intonation), and alogia (e.g. poverty of speech, latency of speech and blocking) 2, 3, [20] [21] [22] .
Negative symptoms are included among the primary diagnostic criteria of SCZ (DSM-V), and are associated with early age of onset, poor social and functional outcome, reduced quality of life, and poor response to medication and treatment [23] [24] [25] [26] . Vocal expression also reflects a key component of social communication, a domain frequently impaired in individuals with SCZ [27] [28] [29] [30] [31] [32] . Difficulties in controlling voice to express affective and emotional contents or to mark relevant information may dramatically reduce the ability of these individuals to communicate effectively in social context. Impairments in social communication may in turn lead to experience of failure in social situations, and to perceive negative social judgments on the part of others, resulting in social withdrawal and further aggravating the social cognitive impairments 28, [33] [34] [35] [36] [37] . Voice atypicalities may thus represent an important biometric index that parallels both clinical features and social cognitive functioning of individuals with SCZ over time. A better comprehension of voice abnormalities could provide tools to better assess the cognitive and social features of this heterogeneous disorder. However, despite the importance 4 VOICE IN SCHIZOPHRENIA: REVIEW AND META-ANALYSIS in studying vocal expression in schizophrenia, and the routine assessments performed using interview-based clinical rating scales, our understanding of voice abnormalities in schizophrenia is limited. Previous work on voice atypicalities can be organized into three categories: qualitative perceptual ratings, quantitative acoustic analyses, and multivariate machine learning (ML) investigations. Most previous studies employing qualitative ratings reported robust differences between patients with SCZ and healthy controls (HC) across several perceptual features of their voice 4, 38, 39 . However informative, qualitative rating scales have serious limitations. They rely on raters' expertise and intuition, thus lacking scalability to large corpora, and they display low sensitivity to complex and multivariate acoustic patterns and variations in context and time 2, 13, 40, 41 . A different approach involves the use of automated analysis of speech to identify acoustic features of vocal production, arguably with a greater reliability, sensitivity and validity. However, such studies have so far reported smaller and seemingly more contradictory findings: some indicate slower speech 42 , more pronounced pauses [43] [44] [45] and reduced prosodic variability 21, 44, 46 ; while others indicate no reliable acoustic differences between individuals with SCZ and HC [47] [48] [49] . A meta-analysis of 13 studies 39 suggests large differences between individuals with SCZ and HC on pause and speech duration, and more modest on intensity and pitch variability. However, the number of studies included in the meta-analysis was small compared to the currently available literature and, given the high heterogeneity of patients with SCZ, a more systematic review accounting for the potential sources of heterogeneity in the effects is required: individual differences (e.g. gender, age and education), contextual factors (e.g. type of task) and clinical features (e.g. symptomatology and medication). A few studies have adopted a more fine-grained perspective, and assessed the relationship between acoustic measures and clinical features with some promise; however, the findings are still sparse 3, 40, 47, 50, 51 .
Finally, more recent studies have tried to capitalize on the technological advancements in speech signal processing, and the application of multivariate ML techniques 5 VOICE IN SCHIZOPHRENIA: REVIEW AND META-ANALYSIS to better capture the complex, multivariate and often non-linear nature of acoustic patterns 52, 53 (see also the appendix to Fusaroli et al. (2017) 48 for an introduction to ML techniques in the context of voice analysis). These studies extract more nuanced acoustic measures, e.g. spectral and glottal features, and assess how accurately the diagnosis can be identified only relying on acoustic measures. The results are promising 16, 17, 19, 43, 44, 54 , but a complete and comparative overview of the findings in SCZ is currently missing. Crucially, the reliability of ML results has been shown to be strongly dependent on the availability of large datasets and the validation of the findings across datasets [55] [56] [57] [58] [59] .
Despite the promise of acoustic markers of clinical features in schizophrenia, it is yet unclear how to quantify them, that is, which acoustic features we should focus on, and the evidence for their relation to specific clinical features of the disorder. The aim of the present study was to fill this gap by systematically reviewing and meta-analyzing the current state of evidence for acoustic atypicalities in SCZ as a whole as well as their relation to the specific clinical features. Further, we evaluated the size and availability of previous datasets, and the attitudes towards data sharing of the authors of the studies reviewed to assess whether a more cumulative science of voice atypicalities in SCZ can be attempted. Note that the aim of this meta-analysis is less to provide a more accurate estimation of the voice atypicalities in SCZ than it is to provide the basis for more effective future studies, by identifying current practices, issues and promising venues.
Methods
Inclusion criteria for literature search
We adopted the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Guidelines (PRISMA 60 ) for transparent reporting of a systematic review. We pre-registered our protocol by specifying a priori the study rationale, eligibility criteria, search strategy, moderator variables, and statistical analyses (see https://bit.ly/2EEFeQZ). The literature 6 VOICE IN SCHIZOPHRENIA: REVIEW AND META-ANALYSIS search was conducted on Pubmed and Google Scholar, the latter including dissertations and unpublished manuscripts. The search terms used were (prosody OR inflection OR intensity OR pitch OR fundamental frequency OR speech rate OR voice quality OR acoustic OR intonation OR vocal) AND (schizo*). The search was conducted on August 21 2017, and updated on April 12 2018. We complemented the list by performing a backward and forward literature search: we screened the bibliography of the papers found and the papers citing them as identified by Google Scholar.
Articles were screened for eligibility by two authors (P.A and S.A). Study selection was conducted according to the following inclusion criteria: (a) empirical study, (b) quantification of acoustic features in the vocal production of participants with SCZ or schizoaffective disorder 1 (c) sample including at least two individuals with SCZ or schizoaffective disorder, (d) inclusion of a non-clinical comparison group, or an assessment of variation in acoustic features in relation to severity of clinical features. Clinical comparison groups (e.g. with depression) were excluded because the limited number of studies did not permit meta-analytic estimations. Fig. 1 shows the flow-diagram of study selection. We report the assessment of the risk of bias in the Supplementary Materials. 
Data extraction
For all the studies we reported the available clinical and demographic data, including preregistered potential moderations. In particular we report: sample sizes, matching criteria, presence of a non-clinical control group, diagnosis, demographical variables (age, education, gender, language and ethnicity), clinical information (symptom clinical ratings, duration of illness, age of onset, hospitalization), level of intelligence (IQ), cognitive screening, medication. Further we extracted information about the speech production task, group-level acoustic estimates (mean and standard deviation), and correlation coefficients between acoustic measures and clinical ratings. We grouped speech production tasks into three categories: 1) Constrained production includes highly structured monological tasks such as reading aloud or repeating sequence of numbers. 2) Free monological production includes less constrained monological tasks such as description of pictures or videos, or providing narrative accounts (e.g. of a happy event, or of one's life). Compared to constrained production, free production is more challenging, as the linguistic materials are less predefined by the task. 3) Social interaction includes structured and semi-structured interviews, as well as spontaneous conversations. The production is dialogical and involves interpersonal factors and dynamics. Selected characteristics of included studies are available in Table 1 .
Running title: VOICE IN SCHIZOPHRENIA: REVIEW AND META-ANALYSIS Note: We included in the table those studies that reported: 1) descriptive statistics for SZ and HC groups, correlation coefficients, or statistical tests for these measures. Pvalues of statistical tests comparing individuals with SZ and HC and correlation coefficients have been extracted from original articles. When estimates for acoustic measures were reported for subgroups of patients, or for different task conditions within the same speech task, we averaged across them weighting the values by sample size, and we then computed independent samples t-test between individuals with SZ and HC groups. When in the original articles were provided estimates for acoustic measures but not p-value of the comparisons between groups, we computed independent samples t-test (or correlation coefficient) between individuals with SZ and HC control groups. When the authors provided us original data we recomputed independent samples t-tests (or correlation coefficients) using the original data. Running title: VOICE IN SCHIZOPHRENIA: REVIEW AND META-ANALYSIS When more than four studies reported statistical estimates for an acoustic measure, or correlation with symptomatology, we performed meta-analysis of the effects. When estimates for acoustic measures were reported for subgroups of patients, or for different task conditions within the same speech task, we averaged across them weighting the values by sample size.
In case of multivariate ML studies, we used a different focus. Multivariate ML approaches differ from the studies previously described in two main ways. While more traditional studies focus on a single feature at time, multivariate ML studies analyze multiple acoustic features simultaneously. While more traditional studies focus on best explaining all the current samples (minimizing within sample error), multivariate ML studies focus on generalizability of the results to new samples (minimizing out-of-sample error), e.g. by using validation and cross-validation techniques. In reviewing ML studies, we focused on reporting the algorithms adopted, the acoustic feature considered and the performance of the algorithms in either discriminating individuals with SCZ from HC with respect to the acoustic measures considered or predicting the severity of clinical features (e.g. negative symptoms) from acoustic measures (see Table S3 in appendix).
We contacted all authors to obtain missing group-level estimates and individual-level data.
Statistics on authors' contact availability, propensity to respond and self-reported barriers to data sharing are also reported.
Statistical analysis
Meta-analyses were performed following well-established procedures [61] [62] [63] [64] and complemented by a Bayesian framework 65, 66 . To estimate the differences in vocal patterns between individuals with SCZ and HC we extracted the standardized mean difference (SMD; also known as Hedges' g). To estimate relations between vocal patterns and clinical features we extracted the raw correlation coefficient (Pearson's r). These effects were analyzed using 2-VOICE IN SCHIZOPHRENIA: REVIEW AND META-ANALYSIS level hierarchical Bayesian regression models to estimate the pooled effect sizes and corresponding credible (i.e., Bayesian confidence) intervals. The multilevel structure allowed us to explicitly model the heterogeneity (or  2 ) in the results of the studies analyzed. By including a random effect by study, we assumed that the variability in experimental design, acoustic analyses and population samples could generate heterogeneous findings and allowed the model to estimate such heterogeneity. We then measured and tested for heterogeneity of the studies using the Cochran's Q statistic 67 , which reveals how much of the overall variance can be attributed to true between-study variance. To analyze the influence of potential moderators explaining between study heterogeneity, meta-regression models were applied separately. Note that only speech task presented enough data points to be analyzed as moderator. Other pre-registered moderators were not sufficiently reported and would have required access to individual level data for adequate treatment.
Priors were chosen to be only weakly informative so that their influence on the meta-analytic estimates were small, only discounting extreme values: a normal distribution centered at 0 (no effect), with a standard deviation of 0.5 for the overall effect, and a positive truncated normal distribution centered at 0, with a standard deviation of 0.5 for the heterogeneity of effects (standard deviation of random effects). We report 95% credible intervals (CIs), i.e. the intervals within which there is a 95% probability that the true value of the parameter (e.g. effect size) is contained, given the assumptions of the model. We provide evidence ratios (ER) and credibility scores. ERs quantify the evidence provided by the data in favor of the effect of diagnosis or of clinical feature (e.g. longer pauses in SCZ compared to HC) against the alternatives (e.g. same length or shorter pauses in schizophrenia). An ER equal to 3 indicates the hypothesis is 3 times more likely than the alternative. A credibility score indicates the percentage of posterior estimates falling above 0. Because Bayesian methods are less commonly used and understood, we also report p-values in order to reach a broader audience. Note that the p-values are calculated on the same 2-level hierarchical model as the VOICE IN SCHIZOPHRENIA: REVIEW AND META-ANALYSIS Bayesian inference, with the difference that p-value statistics rely on completely flat priors and assume Gaussian distributions for all estimated parameters.
To assess the potential role of speech production task in explaining the patterns observed, we compared the baseline model with a second multilevel Bayesian model including task as predictor of difference in vocal patterns. We used Leave-One-Out-Information-Criterion (LOOIC) and stacking weights indicating the probability that the model including task is better able to predict new data than baseline 68 .
To explore the possibility of publication bias, potential for funnel plot asymmetry was examined visually and tested using the rank correlation test 69 . The raw data and analysis scripts are available at https://osf.io/qdkt4/. The supplementary materials report an additional analysis including schizotypy. All computation was done in R 70 relying on metafor, brms and Stan 64,71,72 .
Results
Study selection
See Fig. 1 for full details on the selection. We were able to retrieve relevant statistical estimates from 46 articles (55 studies) from the texts or the authors. The meta-analysis included a total of 1254 patients (466 F) with SCZ and 699 controls (323 F). We contacted a total of 57 authorsincluding those of studies that were later deemed ineligible due to lack of statistical estimatesrequesting additional information and individual level acoustic 
Differences in acoustic patterns between individuals with schizophrenia and healthy controls
Detailed results are reported in Table 2 . Hierarchical Bayesian meta-analyses revealed significant effects of diagnosis (in terms of Hedges' g) on pitch variability (-0.55, 95% CIs: - Table 2 ).
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Correlations between acoustic measures and clinical symptoms ratings
Acoustic Features
Clinical features
Number of studies
Participants
Influential study Pearson's r 95% CI
Pvalue ER (credibility)
Sigma squared 95% CI
Q-stats Publication bias
20 VOICE IN SCHIZOPHRENIA: REVIEW AND META-ANALYSIS Note: CI, credible interval; P values are 2-tailed; Evidence ratio (ER) quantify the evidence provided by the data in favor of the effect of associations between clinical features and acoustic measures (e.g. longer pauses associated to higher rating of alogia) against the alternatives (e.g. no association). An ER equal to 3 indicates the hypothesis is 3 times more likely than the alternative. A credibility score indicates the percentage of posterior estimates falling above 0. Running title: VOICE IN SCHIZOPHRENIA: REVIEW AND META-ANALYSIS
Moderator analysis
For detailed results, see Table S1 (in appendix). Adding the speech production task employed systematically increased the explained variability in SCZ atypicalities for pitch variability, proportion of spoken time, speech rate, number of pauses, duration of pauses and intensity variability (stacking weights: 100%). In general, we observe that dialogical and free speech show the biggest differences, while constrained monologue displays the smallest SCZ atypicalities in vocal patterns, except for pitch variability.
Correlation between acoustic measures and clinical ratings
For detailed results, see Table 2 . Hierarchical Bayesian meta-analysis revealed significant overall correlation between flat affect and pitch variability (-0.11, 95% CIs: -0.26, 0.05) and Table 2 ). We generally found high heterogeneity between studies, and publication bias (see Table 2 ).
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Moderator analysis
For detailed results, see Table S2 (in appendix). Adding speech task to the model credibly improved it for correlations between pitch variability and positive symptom severity, negative symptom severity, alogia and flat affect, and between proportion of spoken time and total psychopathology, negative symptom severity, alogia and flat affect (stacking weight 100%).
In general, we see that dialogic speech shows the strongest correlations with symptomatology, and constrained monological speech the weakest ones.
Multivariate machine learning (ML) studies
We found 4 ML articles fitting our criteria, all focused on identifying acoustic markers of the 
Discussion
Overview
Early descriptions of schizophrenia point to atypical voice patterns and studies relying on perceptual judgments and clinical ratings of voice patterns have indeed found large VOICE IN SCHIZOPHRENIA: REVIEW AND META-ANALYSIS differences between patients and controls 39 . This suggests the existence of acoustic markers of the disorder. We set out to systematically review and meta-analyze the literature on the topic to assess the evidence for atypical acoustic patterns as markers of the disorder and to better inform future research. We were able to analyze the aggregated data from 46 have seen that dialogical speech production tasks might yield stronger vocal differences, but without a controlled within-subject contrast it is difficult to assess whether this is due to the nature of the task or to other confounds in the sample and study design.
We had initially aimed to investigate the role of demographical (age, education, gender, language and ethnicity), cognitive and clinical features of the participants. However, we could not access sufficient information to perform these analyses, which would be best performed on individual-level data. Analysing how acoustic features vary with symptomatology and context of speech production can help uncover the mechanisms behind atypical vocal patterns and provide an additional insight into schizophrenia. Indeed, we observe that acoustic features are more strongly related to specific symptoms (alogia, flat affect) than to global scores of psychopathology.
Methods. We found that the field predominantly focuses on traditional acoustic features: pitch, intensity and duration measures. Even in these cases, the processing of the voice recordings and extraction of the features is poorly documented and arguably widely heterogeneous. Previous studies have found that different assumptions and settings in the feature extraction process might significantly affect the results (e.g. Kiss et al 2012 78 shows different results for different choice of ceiling in pitch extraction). Further, speech pathology and speech signal processing research has developed a wide array of acoustic features more directly relatable to production mechanisms like fine-grained muscle control, or clarity of articulation (for some examples see 79 ) , which are almost completely ignored in schizophrenia research. To overcome these barriers, we recommend the use of freely available open source software solutions providing standard procedures in the extraction of acoustic features and the documentation of the settings chosen 80, 81 . Use of new features should be compared against this baseline to facilitate comparability between studies. VOICE IN SCHIZOPHRENIA: REVIEW AND META-ANALYSIS Further, the vast majority of the studies focused on one acoustic feature at a time failing to produce effects comparable to those found in perceptual judgment studies. This supports the idea that perception is a complex process, non-linearly combining multiple acoustic cues.
Multivariate techniques may thus allow to better capture vocal atypicalities. Indeed, the four ML studies we were able to identify provide promising out-of-sample accuracies, indicating that voice of individuals with SCZ may contain enough information to reliable distinguish between the two populations. However, the almost complete lack of overlap in features and methods employed in these studies makes it hard to assess how reliable the findings are across samples and whether there are more promising features and algorithms we should focus on.
Theory-driven research. A common feature of many of the studies reviewed is the lack of theoretical background. For example, limited attention is paid to clinical features and their severity and the choice of the speech-production task and acoustic measures used is often under-motivated. On the contrary, by putting hypothesized mechanisms to the test, more theory-driven research on vocal production in schizophrenia would improve our understanding of the disorder itself. For instance, social cognitive impairments 82-84 would motivate hypotheses on prosodic patterns when speaking to an interlocutor, while lack of motivation and energy [85] [86] [87] would be reflected in a more general lack of articulatory clarity.
By including different tasks with diverse cognitive and social constraints, it would be possible to produce more robust results not specifically bound to a specific context, and to investigate the mechanisms and contextual factors responsible for voice abnormalities. Releasing in controlled and ethically sound ways one's datasets enables the construction of large collective samples and re-analysis of the data to replicate and extend previous findings.
However, accessing previous datasets is currently unfeasible, due to lack of answers from corresponding authors, data loss and the practical and time-consuming hurdle of finding, preparing and sharing the data years after the study has been published. This suggests that planning data-sharing from the onset of the study is necessary to ensure a more open, collective and nuanced science of acoustic markers in schizophrenia, conscious of the individual differences and diverse symptomatology. Sharing identifiable (voice) data related to clinical populations requires serious ethical considerations and careful sharing systems, but there are available datasets of voice recordings in e.g. people with Parkinson's, bipolar disorder, depression and autism spectrum disorder 79, [88] [89] [90] [91] , thus suggesting that these hurdles can be overcome. In line with these recommendations, all the data and the codes used in this manuscript are available at https://osf.io/qdkt4/.
Conclusion
We have systematically reviewed the evidence for acoustic markers of schizophrenia and its symptomatology, as well as the research practices employed. We did not find conclusive evidence for clear acoustic markers of schizophrenia, although pitch variability and duration are potential candidates. Multivariate studies are more promising, but their generalizability across samples could not be assessed. To advance the study of vocal markers of schizophrenia The dotted vertical line indicates the null hypothesis (no difference between the populations). The studies are grouped by the speech task used to collect voice recordings (Constr = constrained monological, Free = free monological, Social = social interaction). When adding speech task credibly improved the model, we reported below each specific task group the summary effect size for that group. Filled diamonds represent summary effect sizes. The dotted vertical line indicates the null hypothesis (no difference between the populations). The studies are grouped as indicated in Figure 2 
